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ABSTRACT Nanopores can be used to detect and analyze single molecules in solution.

We have used glass nanopores made by laser-assisted capillary-pulling, as a high-

throughput and low cost method, to detect a range of label-free proteins: lysozyme,

avidin, 1gG, S-lactoglobulin, ovalbumin, bovine serum albumin (BSA), and /3-galactosidase

in solution. Furthermore, we show for the first time solid state nanopore measurements of

mammalian prion protein, which in its abnormal form is associated with transmissible

spongiform encephalopathies. Our approach provides a basis for protein characterization

and the study of protein conformational diseases by nanopore detection.
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anopores are a promising tech-

nique for single molecule detection

in solution. The premise of using
nanopores for sensing is founded on the
resistive-pulse technique,' which offers label-
free detection and identification of single
analytes in aqueous environments. The first
application of resistive-pulse sensing for
particle analysis was the Coulter Counter
for detection of cells.> Subsequently, the
technique has been expanded to include
detection of particles such as pollen, viruses,
or colloids coated with antibodies.> > With
a decreasing size of the detection pore, nano-
meter scale objects have been detected, such
as organic polymers, peptides, proteins and
DNA%’

Single protein molecules have been de-
tected and their properties have been inves-
tigated using various types of nanopores.
Biological nanopores, such as o-hemolysin
or aerolysin, have been used collectively to
detect small and unfolded proteins®~'" study
the structure of peptides,’? analyze peptide—
antibody interactions,”® and measure self—
self peptide aggregation.'* Biological nano-
pores have the advantage of a well-defined
geometry but have a limitation in that the
protein under analysis must be unfolded in
order to translocate through the nanopore
orifice, which is typically 1—2 nm in diameter.
Solid state nanopores, which are more stable
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than biological nanopores, have also been
used for the detection and analysis of single
protein molecules."*~'® Nanopores in a silicon
nitride membrane have been used to enable
detection of bovine serum albumin,'>'® the
folding states of S-lactoglobulin,'” and to
study protein—protein interactions.'® With a
PET membrane coated with gold nanotubes,
one can distinguish BSA, phosphorylase B,
and f-galactosidase by amplitude-duration
scatter plots.” A lipid layer coating on a solid
state nanopore can slow down protein trans-
portation and eliminate nonspecific binding
to the nanopore.° Positioning of a binding
site in the nanopore gives specificity to pro-
tein measurements and enables determina-
tion of binding kinetics.>' Glass capillaries
have emerged as an alternative to both bio-
logical and silicon-based nanopores. They can
be produced with orifice diameters ranging
from micrometers to nanometers, with the
advantages of ease of manufacture and rela-
tively low cost. Glass nanopores have been
successfully used to detect different biological
molecules such as --DNA* %

Here, we show the ability of glass nanopores
to detect a range of proteins of different mo-
lecular masses, including lysozyme (14 kDa),
avidin (66 kDa), bovine S-lactoglobulin (18 kDa),
ovalbumin (42 kDa), BSA (66 kDa), rabbit im-
munoglobulin G (IgG) (150 kDa), and -galac-
tosidase (465 kDa). In addition, we show for
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the first time solid state nanopore measurements of
the mammalian prion protein, PrP, which in its abnormal
form is associated with transmissible spongiform ence-
phalopathies, such as scrapie in sheep, bovine spongi-
form encephalopathy (BSE) in cattle, and Creutzfeldt—
Jacob disease (CJD) of humans. These diseases are
characterized by the accumulation of Prp>c (scrapie PrP),
an abnormal isomer of the host protein PrP (cellular PrP).
Recent work has shown that wild-type and mutant PrP®
can be distinguished by analyzing current fluctuations in
an a-hemolysin protein pore.?® Our demonstration of the
detection of PrP and other single protein molecules of
different molecular masses by glass nanopores provides
the basis for the development of this technology as a
novel method for protein detection and for analysis of
the conformational state of disease-specific proteins with
importance for human and animal health.

RESULTS AND DISCUSSION

We produced glass nanopores by laser-assisted
capillary pulling. The glass nanopores were produced
with smaller diameters and thicker walls (see Materials
and Methods), compared with our previously reported
experiments, significantly increasing signal-to-noise
(see Supporting Information, Figure $2).2 Figure 1a
shows a lateral view scanning electron microscopy
(SEM) image of a typical glass nanopore used in the
experiments reported here. The outer diameter at the
tip of the taper was 65 nm. Figure 1b shows a typical
current—voltage (/—V) curve of a glass nanoporein 1M
KCl, buffered at pH 8 with 1x TE (10 mM Tris-HCI, 1 mM
EDTA). All of the nanopores used in this paper showed
linear [-V curves and had a conductance value in the
range of 6.0 to 22.2 nS. The reservoir containing the
glass nanopore tip was electrically grounded and
samples were always added to this grounded reservoir.
In the absence of analyte, no ionic current change
events were evident in the current trace. Upon addition
of the analyte to the reservoir, spikes became apparent
in the current trace, which reflect the passage of
analyte through the nanopore.

High Signal-to-Noise Ratio of Glass Nanopores. To demon-
strate the high signal-to-noise ratio of our glass nano-
pores, we first investigated the detection of linear
double-stranded 1-DNA (48.5 kbp) in our system. lonic
current change events were observed upon application
of +500 mV when A-DNA was present in the nanopore
reservoir. Different peaks were clearly observed when
plotting the histogram of the current points from 1079
A-DNA translocations events (Figure 1c). These peaks
correspond to different A-DNA folding states. The signal-
to-noise was significantly improved compared to our pre-
viously reported experiments®? with a baseline signal
root-mean-square (RMS) of 2.4 pA at 10 kHz bandwidth.

Effect of Filter Frequency on Event Duration and Mean
Amplitude. Previous reports have shown that a 10 kHz
filter cutoff frequency only captures a fraction of
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Figure 1. (a) SEM image shows the conical shape of a glass
nanocapillary. The nanocapillary tapers down to form a
glass nanopore at the tip. The outer diameter at the very tip
of the nanocapillary was 65 nm. (b) /I—V curve of one typical
nanopore. A linear fit of these data (blue line) indicated a
nanopore conductance of 6.8 nS. (c) Left: Typical ionic
current change events. Right: lonic current histogram of
1079 DNA translocation events that shows several peaks
corresponding to DNA folding states. Data was recorded
with a sampling frequency of 100 kHz and a filter cutoff
frequency of 10 kHz.

protein translocation events due to the fast transloca-
tion dynamics.”’?® Consequently, we examined the
effect of the filter cutoff frequency on translocations of
BSA through a glass nanopore at +500 mV applied
potential in 1T M KCl, 1x TE (pH 8) (Figure 2a) at a
sampling frequency of 500 kHz. The low noise of our
glass nanopores allowed us to use filter cutoff frequen-
cies at up to 100 kHz (the maximum filter frequency of
the Axopatch 200B), and still have sufficient signal-to-
noise ratio to detect individual protein translocation.
We set a value of 8 times the RMS of the baseline signal
as a threshold for event detection (see Supporting
Information, Figure S3 for typical translocation events).
Analysis of the translocation durations at different
cutoff frequencies shows that the peak in duration
shifts to shorter times at higher frequencies as we are
able to capture more of the events as shown in
Figure 2b. At the same time, the mean amplitude of
the protein translocation events increased as the filter
attenuation was reduced. Since the peak in the histo-
gram moved to a shorter duration as the filter fre-
quency was increased (and did not reach a fixed point
despite an increase in filter frequency), we can con-
clude that at frequencies lower than 100 kHz we do not
capture all the translocation events.

Detection of Single Protein Molecules. After the initial
experiments with BSA already described, we investi-
gated the ability of the glass nanopores to detect a
range of proteins to determine their translocation
characteristics. Figure 3 shows ionic current traces of
the protein translocation experiments, which were
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Figure 2. a) Current traces showing BSA translocation at different analog Bessel filter frequencies at +500 mV. b) The
distributions of the mean amplitudes at different filter frequencies. The peak value of the 10 kHz distribution is normalized to
1. The peak value of the other histograms is normalized to the value of the 10 kHz distribution. c) The distributions of event
duration at different filter frequencies. Distributions are normalized in the same way as (b).

conducted in T M KCl, 1x TE (pH 8). Size measurement
of the proteins via dynamic light scattering (Malvern
Zetasizer Nano ZS) showed that these salt conditions
do not promote protein aggregation (see Supporting
Information, Figure S4). After addition of protein to the
nanopore reservoir, a positive or negative voltage
(500 mV) was applied and translocation events were
sampled at 500 kHz. A 10 kHz Bessel filter was used for
the detection of f-galactosidase and lysozyme since
we could not obtain sufficient signal-to-noise with
these proteins at higher filter frequencies. For all other
proteins, a 50 kHz Bessel filter frequency was used. On
the basis of our analysis in Figure 2, we expect that
many of these events are distorted by the low pass
filter cut off.

The isoelectric points (pl), concentrations and event
frequencies for the proteins are shown in Table 1.

Protein translocations through nanopores are gov-
erned by the competing effects of electrophoresis and
electro-osmosis.?® At pH 8, the quartz surface of the
glass nanopore is negatively charged.3° Therefore,
there will be an electro-osmotic flow from the electri-
cally grounded reservoir into the glass nanopore when
a negative voltage is applied and an oppositely direc-
ted flow when a positive potential is applied.

Avidin and lysozyme are both positively charged at
pH 8 and we only observed translocations when a
negative potential was applied across the system.
Ovalbumin, BSA, -lactoglobulin, and -galactosidase
are all negatively charged at pH 8 and were found to
only translocate under positive potential. In the case of
IgG, translocation events were observed when either a
positive or negative voltage was applied across the
system. This may have occurred as a result of the
presence of different mixture subclasses of IgG in the
immunoglobulin sample, each with different isoelectric
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Figure 3. Current traces after the addition of proteins to the
reservoir at positive (red line) and negative (blue line)
applied voltage. Translocation spikes were only observed
after addition of the protein to the analyte reservoir and the
dependence of translocation on the polarity of the voltage
correlates with the charge of the protein in solution. (a) A 10 kHz
Bessel filter was used and the sampling rate was 100 kHz. (b) A
50 kHz Bessel filter was used at 500 kHz sampling rate. The time
duration for each frame is 1 s.

points close to, or around, pH 83! These experiments
show that the direction of protein transport correlates
with its charge at pH 8 and that electrophoretic transport
dominates over electro-osmosis.

Figure 4 shows two dimensional scatter plots of
mean amplitude versus event duration for each pro-
tein. All of the proteins show a cluster of events at the
event duration limit imposed by the filter frequency.
Outliers with long event durations are observable in
most of the scatter plots. We hypothesize that these
events are caused by transient adherence of the
proteins as they translocate, whereas the main event
clusters are due to proteins traveling ballistically
through the nanopore. A simple model representing
the glass nanopore as a cone and the protein as an
insulating sphere predicts a strong dependence of current
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TABLE1. Isoelectric Points of Proteins Detected with Glass Nanopores®, Concentration for Translocation Experiment, and

the Average Translocation Frequency

lysozyme avidin 196>’ B-lactoglobulin'”  ovalbumin BSA f-galactosidase
pl n 10 6—9 5 5 5 5
Concentration for translocation experiment 0.2 uM 15 uM 0.2 uM 0.6 uM 1.0 uM 0.6 uM 0.2 uM
Frequency of translocation events 10457 11057 + - ns™! Ms' 695" 13157
19457 51857
“Unreferenced values are from manufacturer's (Sigma Aldrich) Web site.
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Figure 4. Two dimensional scatter plots of mean amplitude versus event duration of protein translocation experiments at 1 M
KCl, 1x TE (pH 8). The frequency of events is indicated by the color scale. A 10 kHz filter was used in the lysozyme and
p-lactoglobulin experiments which were recorded at 100 kHz sampling rate. A 50 kHz filter was used for the other proteins
and recording performed at 500 kHz. Number of events: Lysozyme (1257), Avidin (3966), IgG positive voltage (7879), IgG
negative (1330), S-lactoglobulin (1059), Ovalbumin (1820), BSA (2058), 5-galactosidase (2551).

change on sphere radius (see Supporting Information,
Figures S12—514). Several factors can explain why we do
not observe this in our scatter plots. (1) The proteins
have different charges and hydrodynamic drags and
will therefore move at different speeds through the
nanopore. This will result in different levels of filter
attenuation and distorted current changes. (2) Each
protein is modeled as a completely insulating sphere in
an excluded volume argument, whereas in reality, they
will have a finite dielectric constant and also some
permeability to ions. (3) Different proteins will have
different tendencies to adhere to the sides of the walls
as they translocate. It is very difficult to establish if
translocations are completely ballistic or involve a
transient adherence. This can also vary due to differ-
ences in the surface properties of different nanopores.
We believe that a combination of these reasons make
it extremely difficult to separate translocation signals
of mixtures of proteins in these experiments. It should
also be noted that different nanopores were used
for each time frame in Figure 3; therefore, the small
differences in nanopore geometry can affect the current
change value. We also conducted experiments with mix-
tures in one single nanopore (see Supporting Information,
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Figure 5. (a) Current trace showing PrP translocations in
1 M KCl, 1x TE (pH 8) upon applying positive voltage (red).
No translocations are observed under negative voltage
(blue). (b) Scatter plot of mean amplitude versus event
duration of PrP translocation from a total of 952 events.
(c) Three typical PrP events showing (i) fast translocation
and (ii and iii) transient adherence.
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TABLE 2. Parameters for Pipette Puller, for Figure 1 and
Figure 5 in the Main Text

heat filament velocity delay pulling power

580 0 25 170 200

Figures S9—S11) but were not able to discern clear
differences in protein translocation signals.

Detection of PrP. After the successful detection of a
range of commonly available proteins, we investigated
the ability of our nanopore system to detect PrP, the
protein associated with prion diseases in humans and
animals. PrP translocations were detected in a solution
of 1 M KCI, 1x TE (pH 8). Current data was filtered at
20 kHz and recorded at 200 kHz sampling rate. We
observed translocation events under positive voltage
but not under negative voltage (Figure 5a). This in-
dicates that the protein is negatively charged at pH 8.
The event scatter plot is qualitatively similar to the
previously measured proteins with a cluster of events
close to the limit imposed by the filter and a tail of
longer duration events (Figure 5b). Figure 5¢ shows
three typical current traces for PrP. Event (i) is of short
duration, suggesting ballistic transport. Event (ii) is

METHODS AND MATERIALS

Protein Preparation. Proteins used in Figures 2—4 were dissolved
in 0.2 um filtered deionized water, stored at 4 °C, and used within
two days of preparation. PrP was stored at —80 °C before use and in
50 mM sodium acetate (pH 5.5). The concentration of proteins used
in the translocation experiments is shown in Table 1. A different
concentration of each protein was used in these experiments in
order to maximize the frequency of translocation events.

Production of Glass Nanopores. Glass nanopores were prepared
by laser-assisted capillary-pulling of quartz glass capillaries. For
this purpose, we used glass capillaries that possessed a filament,
which greatly improved wetting and reduced the number of
capillaries obstructed with air bubbles. Before pulling, quartz
glass capillaries with an outer diameter of 0.5 mm and an inner
diameter of 0.2 mm were thoroughly cleaned by sonication in
acetone and subsequently dried with gaseous nitrogen. Glass
nanopores were formed by laser assisted pulling of the capil-
laries (Sutter P-2000). Two glass nanopores were formed as the
capillary shrank in diameter and finally separated at its center.
Table 2 shows the specific parameters of the pipet puller used to
generate glass nanopores for the detection of DNA and PrP
(data shown in Figure 1 and Figure 5, respectively). Table 3
shows the specific parameters of the glass puller used to
generate glass nanopores for the analysis of lysozyme, avidin;
B-lactoglobulin, ovalbumin, BSA; IgG and f-galactosidase data
(data shown in Figures 2—4).

SEM Preparation. Uncoated glass nanopores were imaged
with a Philips XL30 FEGSEM. The acceleration voltage was 2 kV.

Assembly of Measurement Cells. The glass nanocapillary was
inserted in a polydimethylsiloxane (PDMS) mold and sealed so
that it was the sole electrical connection between two reser-
voirs. The assembled devices were plasma cleaned for 10 min to
remove any organic contaminants as well as to enhance the
wettability of the nanopores. Immediately after the plasma
treatment, the two reservoirs were filled with 1 M KCl, 1x TE
(pH 8) and placed in a vacuum for approximately 5 min in order
to remove all air inside the capillaries. lonic currents were
recorded with Ag/AgCl electrodes made by electroplating.
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TABLE 3. Parameters for Pipette Puller, for Figures 2—4 in
the Main Text

heat filament velocity delay pulling power

600 0 25 170 225

several milliseconds in duration and has two levels,
suggesting transient adherence of two PrP molecules
to the sides of the nanopore walls. Event (iii) shows a
longer duration sticking event.

CONCLUSION

We demonstrate single molecule detection of a
range of proteins. These experiments extend the range
of ionic current detection of glass nanopores, which are
simple and inexpensive alternatives to those formed
by ion or electron beam drilling in silicon nitride
membranes. The translocation direction of the protein
correlates with its overall charge in solution and allows
for characterization of mixtures of proteins, such as IgG.
Furthermore, we show the first solid state nanopore
measurements of mammalian prion protein PrP that
provide a basis to study protein misfolding and ag-
gregation at the nanoscale level.

Data Acquisition. All ionic current measurements were made
using an Axopatch 200B (Axon Instruments, USA) amplifier in
voltage-clamp mode. The signals were digitized with a NI-PCle-
6251 card (National Instruments). Data recording and analysis
were performed with a custom program written in LabVIEW
(LabVIEW 8.6, National Instruments).

Recombinant PrP Preparation. Recombinant PrP was purified
from BL21(DE3)pLysS Escherichia coli that expressed mature
length VRQ ovine prion protein (amino acids 25—232) using a
method adapted from Hornemann et al.? and described in
detail previously.>® Oxidized and refolded recombinant PrP was
stored at —80 °C.
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